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A dc/de converter's major difficulty is controlling the output de voltage closer to the 
desired set-point voltage at the load and input voltage fluctuation. Designers aim for better 
efficiency, reduced harmonics, and higher power while keeping converter size and power 
under safe limits. Several control techniques are used in dc/dc converters to overcome the 
problems mentioned above. This paper compates the transient performance of three control 
techniques, namely proportional-integral-derivative (PID) control, fuzzy logic control (FLC), 
and sliding mode control (SMC) methods, after a brief introduction of these techniques. 
Secondly, the three techniques have performed simulation results of a buck converter feeding 
a resistive load. Comparative analyses are presented for various conditions such as input 
voltage and load variation tests. It is observed that SMC outperforms the other two methods 
for both simulation scenarios. 
Keywords: Buck converter, PID control, Fuzzy logic control (FLC), Sliding mode control 
(SMC). 
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Introduction 

Nowadays, solar and wind are widely used energy sources for power generation. Through 
dce/dc or ac/dc converters, the power obtained from these energy sources is regulated. Still, the 
energy obtained from these sources varies, so continuous output is not achieved from these 
sources in all situations. Various controlled converters eliminate these issues and achieve the 
desired voltage output. The design, modeling, and simulation of a dc-dc converter are discussed 
in[1]. In [2], High voltage dc-dc converter structure topologies, circuit parameter design, system 
control to improve power flow, and system stability are presented. Output comparison of 
various forms of the dc-dc converter is discussed in[3]. 

Control structure, stability, and model of power converters in a de microgrid are discussed 
in [4]. In [5], Boost converter efficiency design and simulation improvements are presented 
using PID control. Different PID controllers are proposed to improve the transient response 
of dc/de converters in [6]-[8]. Using a robust PID controller approach, the disturbance 
rejection problem of the boost converter has been addressed in [9]. In [10], P/PI/PID-based 
controllers are built for a chopper circuit using coupled inductor in MATLAB/Simulink for 
smart grid technology. 

A fuzzy logic control (FLC) is designed to maintain the output voltage of a buck converter 
in [11]. In [12], an FLC is designed to enhance the efficiency of a boost converter. The design 
of a dual-stage double boost converter using FLC is proposed in [13]. A hybrid fuzzy PID 
control is designed to avoid buck-boost converter output voltage overshoot and oscillations 
[14]. The efficiency comparison between FLC and PI control of buck converter is presented in 
[15]. Software and experimental-based buck converter model are designed using FLC in [16] 
and [17]. Various FLC algorithms for regulating dc/dc converters in solar system applications 
are presented in [18]—[20]. 

A boost converter's voltage mode control (VMC) is designed and implemented in [21]. 
Digital hybrid current mode (HCM) control of a dc/dc converter is designed and implemented 
in [22]. In [23], two half-bridge dc/de converters are designed using an average state-space 
method. A model predictive control (MPC) is designed for a boost converter feeding a constant 
power load [24]. 

A sliding mode control (SMC) is proposed to solve the issue of constant power load in a 
boost converter [25]. In [26], a sliding mode duty-ratio controller (SMDC) is proposed to 
control the output power of a buck converter. In [27], a modified PWM-based SMC is 
developed to regulate the output voltage of a boost converter. An SMC of the buck converter 
is presented for low-power applications in [28]. A robust SMC of a buck converter is designed 
and tested in [29]. In [30], a second-order SMC is suggested for monitoring the buck converter 
output voltage. Practical challenges for designing the low-power buck converter using SMC are 
presented in [31]. Various modifications of SMC to regulate dc/de converters in industrial 
applications are proposed in [32]-[35]. 

This paper's content is divided into different sections: In Section 2, the buck converter 
model and its modes are presented. Three control techniques of buck converter are defined in 
Section 3. In Section 4, the simulation results of these control approaches are presented and 
compared. The conclusion is drawn in Section 5. 

The goal of this study is to compare the transient performance of three control techniques 
of a buck converter. Firstly, a brief overview of three control approaches is presented. Secondly, 
PID, FLC, and SMC simulation results of a buck converter have been compared and evaluated. 
Finally, each control technique has been tested to ensure stability, robustness, and dynamic 
efficiency by changing input voltage/load resistance. 

Model of Buck Converter 

A buck converter is an electronic control circuit with a lower output voltage than the 
input voltage. The input voltage (E) and switching duty cycle (u) determine the converter's 
output voltage (Vo). Buck converter's simple model is illustrated in Figure 1. This converter 
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contains an inductor (L), a capacitor (C), a transistor (SW), a diode (D), and a load 


resistor (R). 


Figure 1. Simple Model of DC/DC buck converter 


Vo=uE 


(1) 


Usually, the buck converter works in two intervals. The first interval occurs when the 
transistor is switched ON, and the diode is turned OFF (.e., u=1). The circuit for the first 
interval is shown in Figure 2. For the first interval, equations (2) and (3) are inductor voltage 


and capacitor current equations. 


A) 


Figure 2. First interval circuit of the buck converter 


di, E Vo 
a L 
dVo i, Vo 


(2) 
(3) 


Buck converter operated in the second interval when transistor turned OFF, and diode 
turned ON (i.e., u=0), second interval circuit shown in Figure 3. Equations (4) and (5) are 
inductor voltage and capacitor current equations for the second interval. 


Figure 3. Second interval circuit of the buck converter 


di, —-*Vo 
dt OL 
dVo_ i, Vo 
dt C RC 


Now, control variable u(t) is defined as; 


(4) 
(S) 


ue 1 : Transistor ON, Diode OFF (u = 1) (6) 
~ (0 : Transistor OFF, Diode ON (u=0) 
After including the control input u(t) From (6), buck converter dynamics equations 


can be rewritten as given in (7) and (8). 


di, uk Vo 
dt L L 


(7) 
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adVo i, Vo 
dt CRC ce 
These equations (7) and (8) identify the buck converter's entire average model. 
Material and Methods 
Several control techniques have been applied to control the output voltage, current, 
and switch duty cycle of a buck converter. Voltage mode control (VMC) [21], current-mode 
control (CMC) [22], state-space average model [23], proportional-integral (PI) [10] and 
proportional-integral-derivative (PID) [5]-[10] are well-known basic linear control methods. 
However, in the case of large input voltage and load fluctuations, conventional linear control 
techniques cannot perform efficiently. So, advanced control techniques address large-signal 
stability issues in nonlinear systems. Fuzzy logic control (FLC)[10]-[20], model predictive 
control [24] and sliding mode control (SMC) [25]-[35] are some advanced control methods. In 
this paper, PID control, FLC and SMC are implemented, and their simulation results are 
compared. 
PID control 
A PID controller repeatedly estimates an error value when a difference occurs between 
the desired reference value and the measured process value. Figure 4 shows a simple model of 
PID control of buck converter. 


_sowce | Buck Converter -_—| i | 
A 


Proportional 


1 Desired 


‘ 
. 
+ 
d + Integral ( a Reference 
@ +e H@- 
t | Derivative | 
(Kd) 


Figure 4. PID control of buck converter 

Regarding rising time, settling time, steady-state error, and overshoot, system output 
performance depends on proportional, derivative, and integral values [7]. 

The plant's error and the signal equation can be written as; 
e(t) = Vier — VoCt) (9) 
w(t) = Kpe(t) + Kd 4 Ki few dt (10) 

Where Kp is the proportional gain, Kd is derivative gain, Ki is integral gain, and e(¢) is 
the tracking error which is measured by taking the difference between a reference voltage (V,¢¢) 
and actual output voltage (Vo (t)). If the w(t) A signal is received, and the plant generates a 
modified output voltage that is matched to the reference voltage again before reaching the 


goal level [5]. 
Table 1. Effects of gains in PID closed loop system [5] 


Rising Time Settling Time Overshoot Steady state error 
Proportional Reduce Minor variation Rise Reduce 
Integral Reduce Rise Rise Remove 
Derivative Minor Variation Reduce Reduce Minor Variation 
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When there is a considerable fluctuation on the source or load side, PID control 
produces a large overshoot and a long settling period. As a result, advanced control methods 
such as FLC and SMC are employed to get better outcomes. 

Fuzzy Logic Control (FLC) 

Puzzy logic is a valued logic where a real number between 0 and 1 maybe the true value 
of the variables. Fuzzy logic is based on an "IF-THEN" tules system [15]. The fuzzy controller 
proposes no accurate mathematical model. Usually, FLC is designed based on general plant 
information. Figure 5 shows a simple control model of the FLC of a buck converter. 


Source Buck Converter 


Bas Reference 


= | 
+, Volt 
" Datuzcifier Inference Fuzzifier ¥ Noltage 
Engine 1 
= 
Knowledge Base 


Figure 5. FLC of the buck converter 

A fuzzy logic rule system consists of four modules: fuzzification, fuzzy inference, 
knowledge base, and defuzzification [12]. Fuzzification is a strategy that transforms crisp input 
data into membership functions [17]. Fuzzy inference is a strategy that is presented to combine 
membership function with the control rules for controlling fuzzy output [17]. All rules and if- 
then statements are given in the knowledge base [16]. The defuzzification process is carried 
out to transform the fuzzy sets to a crisp value [16]. 

Regulating the output voltage of a buck converter using the fuzzy logic technique 
requites accurate fuzzy rules and membership functions made on assumptions. To generate 
fuzzy logic rules,, two inputs error, and change in output voltage error are required. In [12], 
these two inputs are separated into five categories, which are: negative big (NB), negative small 
(NS), zero (Z), positive small (PS), and positive big (PB). These fuzzy control rules for error 
and error change are shown in Table 2. 

Table 2. Rules for error and variation of error [12] 


pal NB NS Z PS PB 
(e) 


(de) 
NB NB NB NB NS Z 
NS NB NB NS Z. PS 
Z NB NS Z. PS PB 
PS NS Z PS PB PB 
PB Z PS PB PB PB 


PLC surpasses PID control in terms of performance, but it does not provide correct 
output voltage results when a disturbance occurs at the source/load side. Because fuzzy logic 
isn't always accurate, decisions are made based on assumptions, so there's no way to know 
precisely. It's tough to get started with accurate fuzzy rules and membership functions. 
Sliding Mode Control (SMC) 
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Sliding mode control is a variable structure approach that modifies the system behavior 


by forcing it to slide over a cross-section of its normal behavior using a defined control signal. 
In SMC, the control law and the sliding surface are two key concepts. Figure 6 shows a simple 
model of the SMC of the buck converter. 


Source — Buck Converter tant 


; b eference, 
I ‘_ | Switching Sliding Vokage 

1 Control Law Surface = 1 
| | 


Figure 6. SMC of the buck converter 
The switching control law aims to push the plant's state trajectory to a specific (user- 
identified) surface in the dynamical system and keep it there for a given time interval. A sliding 


surface is used by the sliding mode controller, which means that the output voltage goes to 
the wanted value until the system reaches the sliding surface. For designing the sliding 
function, the system parameters are used. The sliding function is derived from the general 
sliding mode control principle by a state variable error, defined by a difference in the reference 
value [29]. Figure 7 shows the behavior of the plane trajectory of SMC. 
The system's sliding surface equation is expressed as [29]; 

S=x,-—xj=0 (11) 
Where, xX, is the output voltage and x7 is required output voltage. The corresponding control 
signal is written as (12). 

ifS<0 


tS 5a -sin))={5 pgs 02) 
As the goal is to guarantee that the system's state direction is oriented to the sliding surface S 
= 0 and slides over it, this is achieved using the reaching condition, and stability achieves using 
the Lyapunov method, which is defined as; 
dims - S<0 (13) 


a s>o 


Sliding Surface se, 


Sliding Mode 


Reaching Mode 


Figure 7. The behavior of the plane trajectory of SMC 
Result and discussion 
In this section, the simulation results of PID control, FLC, and SMC of the buck 
converter are discussed and compared. Secondly, two tests have been taken on each control 
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technique, and their simulation results are compared. Parameters of the buck converter are 
shown in Table 3. 


Table 3. Parameters of the buck converter 


S.NO Description Parameter Value 
1 Input Voltage Vin 48V 
2 Switching Frequency fs 25kHz 
3 Inductance L 48mH 
4 Capacitance ee 57 
5 Load Resistance R 10002 
6 Reference Voltage Vref 24V 


The simulation outcome of the output voltage of the buck converter using three 
controls is displayed in Figure 8. PID controller provides a large 15.83% overshoot, low 
settling time, and does not accurately achieve 24V reference voltage. FLC performs better than 
PID control but does not achieve reference voltage and produces 23.9V output voltage. FLC 
reduces overshoot but does not fully remove it. In comparison to previous controls, SMC 
performed better. It gives a 0.3 % overshoot, fast-rising time and quick settling time. The 
simulation outcome of the output current of the buck converter using three controls is 
displayed in Figure 9. 

Input voltage variation test 

The changed input voltage has compared the robustness, stability, and uncertainty 
performance of these three control techniques. Firstly, the input voltage reduced from 48 to 
45V at 0.01s, then increased from 48 to 51V at 0.03s. Simulation results of the PID controller 
using the input voltage variation test are presented in Figure 10(a). PID control gives a less 
robust and highly uncertain output voltage response. 


Figure 8. Comparison of buck 
converter's output voltage using 
PID control, FLC, and SMC 
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Figure 9. Comparison of buck 
converter's output current using 


PID control, FLC, and SMC 
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Table 4. Performance analysis of control techniques for a buck converter 


NO Parameter PID FLC SMC 
1 Rise Time (tr) 0.0007s 0.0006s 0.0006s 
2 Peak Time (tp) 0.0018s 0.0013s 0.0012s 
3 Overshoot 15.83% 4.16% 0.03% 
4 Settling Time (ts) 0.0043s 0.0023s 0.0013s 
5 Output Voltage (Vo) 23.9V 23.9V 24.06V 
6 Output Current (Io) 0.23A 0.24A 0.24A 


Simulation results of FLC using the input voltage variation test are presented in Figure 
10(b). This technique improved output voltage response with less uncertainty compared to 
PID control but did not give accuracy. Simulation results of SMC using the input voltage 
variation test are shown in Figure 10(c). When the input voltage changes, this proposed 
method has good stability and output voltage response. SMC gives good dynamic performance 
and very small fluctuations compared to previous controls. 


Figure 10(a). Input 
voltage variation 
simulation results of PID 
control 
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Figure 10(b). Input 
voltage variation 


simulation results of 
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Figure 10(c). Input 
voltage variation 
simulation results of 


Input Voltage SMC 
Inductor Current(SMC) 


Voltage (V) 


Current (A) 


Voltage (V)} 


Output Voltage (SMC) 
Vref 


0 
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05 
Time (s) 


Load variation test 

In the load variation test, Firstly, the load resistance is reduced from 100 to 50Q at 
0.01s, then increased from 50Q to 100 at 0.02s. At 0.03s, the load resistance is increased 
from 1002 to 200, then decreased to 100Q at 0.04s. Simulation results of PID control using 
the load variation test are presented in Figure 11(a). The proposed method shows that when 
50Q2 load resistance is connected, the inductor current goes to 0.46A, and the output voltage 
goes to 16V. When 200Q load resistance is connected, the inductor current goes to 0.08A, 
and the output voltage goes to 31V. It shows less robustness and large output voltage 
oscillations. 

Simulation results of FLC using the load variation test are presented in Figure 11 (b). 
The proposed method shows that when 50Q load resistance is connected, the inductor current 
goes to 0.45A, and the output voltage goes to 16V. When 200Q load resistance is connected, 
the inductor current goes to 0.12A, and the output voltage goes to 26.5V. It shows better 
robustness and fewer fluctuations than PID control, but stability is not achieved when load 
resistance increases from 50 to 100Q. 

Simulation results of SMC using load variation test are presented in Figure 11 (c). The 
proposed method shows that when 50 load resistance is connected, the inductor current 
goes to 0.35A, and the output voltage goes to 18V. When 200Q load resistance is connected, 
then the inductor current goes to 0.1A, and the output voltage goes to 25V. It shows good 
stability and small oscillations and gives a better output voltage response compared to previous 
controls. 
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Figure 11(a). Simulation 
results of PID control 
using load variation test 
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Figure 11(b). Simulation 
results of FLC using load 
vatiation test 
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Figure 11(c). Simulation 
results of SMC using load 
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Table 5. Comparison of control techniques for a buck converter 


Control Method Advantage Disadvantage 

PID - It is simple and easy to - It is efficient for nonlinear systems with a 
implement restricted operating range 
- Easy to understand - As output voltage overshoot decreases, it 
- Reliable for Linear systems shows a longer rise time 
- Easy to tune by the method = -_- Processes take a long time and give poor 
of trial and error performance 

FLC - Quickly modified by adding — - Fuzzy logic isn't always correct, decisions 
new tules to increase are based on assumptions, so there's no way 
performance to know exactly 
- Simple and easy to - Practical design is a challenge 
understand - It's difficult, to begin with, accurate fuzzy 
- Give better performance rules and membership functions 
compare to PID Control 

SMC - Fast and robust dynamic - Chattering problem (the undesirable 
Response phenomenon of oscillations having finite 
- Finite-time convergence frequency and amplitude) 
- Large signal stability - Uncertainty bounds (limits) and external 


disturbances must be known 


Conclusion 

This paper has investigated the overall performance of three different control 
approaches to maintain the output voltage of a buck converter. From simulation results, SMC 
performed better during input voltage/load variations tests than other methods in terms of 
stability, robustness, and dynamic efficiency. There is still potential for more accurate and 
effective control methods to be designed. SMC has a chattering problem (an undesirable 
phenomenon of oscillations having finite frequency and amplitude). In the future, adaptive 
control and disturbance/obsetver-based estimation techniques have been used with SMC to 
resolve the problem of chattering and designed adaptive control law which changed according 
to disturbance and improved robustness and accuracy of converter’ output when a disturbance 
occurs. 
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